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because of their high greenhouse gas 
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addresses the atmospheric impact of 
perennial bioenergy crop (reed canary 
grass, RCG) cultivation on a cut-away 
peatland. The RCG site was a strong 
sink for atmospheric CO2 with minor 
N2O and CH4 fluxes. In addition, 
leaching of carbon and nutrients was 
low. Long-term field experiments in 
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ABTRACT 
In Finland more than 60% of the original peatland area is 
drained for forestry, agriculture or peat extraction. One after-use 
option for peatlands excluded from peat extraction is their use 
for bioenergy crop cultivation. Drained peatlands are 
problematic because of their high greenhouse gas (GHG) 
emissions. Therefore, it is questionable if bioenergy produced in 
organic soils is sustainable.  
A proper assessment of the atmospheric impact of bioenergy 
crop production systems requires experimental data on all key 
components of carbon and nitrogen cycles. This multi-year 
study addresses the atmospheric impact of perennial bioenergy 
crop (reed canary grass, RCG) cultivation on a cut-away 
peatland characterized by high peat C to N ratio. Net ecosystem 
carbon dioxide (CO2) exchange (NEE) at the RCG site in Eastern 
Finland was measured using a micrometeorological eddy 
covariance method. Fluxes of nitrous oxide (N2O) and methane 
(CH4) and CO2 emissions were measured with a static chamber 
technique. In addition, carbon and nutrient leaching was 
measured. Life cycle assessment (LCA) of the RCG production 
was performed based on the measured data on GHGs and crop 
yield as well as estimated emissions from energy use related to 
crop management. 
The RCG site was a strong sink for atmospheric C with minor 
N2O and CH4 fluxes. The RCG cultivation converted this former 
peat extraction site from a CO2 source to a CO2 sink. Blocking 
the drainage ditches further improved the carbon sink capacity 
and the atmospheric impact of the RCG cultivation. The ditches 
had a minor role in the site level GHG emissions. The LCA 
showed that the energy produced based on the RCG biomass at 
this site had fewer emissions per MWh than energy from a 
conventional source such as coal. In addition, leaching of carbon 
and nutrients was lower than from peat extraction sites in 
general. 
Long-term field experiments in this study show that, 
environmentally sound bioenergy production is possible on 
organic soil at least if soil C to N ratio is high enough.  
  
Universal Decimal Classification: 502.3, 504.7, 551.588.7, 582.542. 
  
CAB Thesaurus: bioenergy; fuel crops; Phalaris arundinacea; environmental 
impact; atmosphere;  greenhouse gases; carbon dioxide; nitrous oxide; 
methane; organic soils; peatlands; water management; drainage; ditches; 
leaching; carbon; nutrients; life cycle assessment; Finland 
 
 
 
 
  
TIIVISTELMÄ (ABSTRACT IN FINNISH) 
 
Suomen soista yli 60 % on kuivatettu metsän kasvatukseen, 
maatalouteen ja turpeentuotantoon. Biomassan tuotto energiaksi 
on yksi turvetuotantoalueiden jälkikäyttömuodoista. Kuivatetut 
turvemaat ovat kuitenkin luokiteltu ongelmallisiksi niiden 
korkeiden kasvihuonekaasupäästöjen vuoksi. On jopa 
kyseenalaistettu onko näillä mailla tuotettu bioenergia 
ympäristöystävällistä.  
Jotta bioenergian ilmastollinen vaikutus voidaan tarkasti 
määrittää, tarvitaan biomassaa tuottavan ekosysteemin ja 
ilmakehän välisestä kasvihuonekaasujen vaihdosta 
mittausaineistoa. Tässä hankkeessa määritettiin biomassan 
tuoton ilmastollinen vaikutus viljeltäessä monivuotista kasvia 
(ruokohelpi) entisellä turvetuotantoalueella, jonka hiili-
typpisuhde oli korkea. Itä-Suomessa sijaitsevan 
ruokohelpiviljelmän nettohiilidioksidinvaihto mitattiin 
mikrometeorologisella ”eddy kovarianssi”-tekniikalla. 
Dityppioksidi-, metaani- ja hiilidioksidipäästöt mitattiin 
kammiotekniikalla. Lisäksi mitattiin ruokohelpiviljelmän hiilen 
ja ravinteiden valunta. Näiden lisäksi tehtiin tuotettuun 
ruokohelpibiomassaan perustuvan energian elinkaarianalyysi. 
Elinkaarianalyysi sisältää kasvihuonekaasutaseet, ruokohelven 
satoon sitoutuneen hiilen sekä viljelytoimenpiteisiin ja 
kuljetuksiin liittyvät kasvihuonekaasupäästöt.  
Ruokohelpiviljelmä toimi voimakkaana hiilen nieluna 
dityppioksidi- ja metaanipäästöjen ollessa alhaiset, kun taas 
turvetuotannossa oleva alue toimi kasvihuonekaasu lähteenä. 
Kuivatusojien tukkiminen paransi hiilen nielua ja viljelmän 
ilmastollisia vaikutuksia entisestään. Kasvihuonekaasupäästöt 
kuivatusojista eivät vaikuttaneet merkittävästi koko viljelmän 
kasvihuonekaasutaseeseen. Elinkaarianalyysi osoitti, että 
ruokohelpiviljelmän kokonaiskasvihuonekaasupäästöt 
(hiilidioksiekvivalentteina tuotettua energiayksikköä kohden) 
olivat pienemmät kuin kivihiilellä. Lisäksi hiilen ja ravinteiden 
valunnat ruokohelpiviljelmältä olivat alhaisempia kuin 
turvetuotantoalueilla keskimäärin. 
Tästä monivuotisesta tutkimuksesta saadut tulokset 
osoittavat, että orgaanisella maalla, jonka hiili-typpisuhde on 
korkea, bioenergiaksi käytettävää biomassaa voidaan tuottaa 
ympäristöystävällisesti.    
 
Yleinen suomalainen asiasanasto: bioenergia; biopolttoaineet; ruokohelpi; 
ympäristövaikutukset; ilmastovaikutukset; kasvihuonekaasut; hiilidioksidi; 
dityppioksidi; metaani; eloperäiset maat; turvemaat; suot; kuivaus; ojitus; 
huuhtoutuminen; hiili; ravinteet; elinkaarianalyysi; Suomi 
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1 General introduction  
1.1 BACKROUND  
The use of fossil fuels for energy production should be reduced 
as they contribute to an increase in atmospheric greenhouse gas 
(GHG) concentrations. One of the mitigation strategies is to 
increase the proportion of renewable energy sources. Biomass 
from bioenergy crops is one such possibility. Bioenergy crops fix 
carbon into biomass via photosynthetic carbon dioxide (CO2) 
uptake and potentially store carbon (C) also in the soil. In 
general, bioenergy crops are considered carbon-neutral since the 
fixed carbon in the crop is released to the atmosphere when the 
crop is burned (e.g. Ragauskas et al. 2006). 
Organic soils include peat and mull soils with an organic 
matter content of at least 40% and 20% per mass, respectively. 
Soil type largely affects GHG emissions. Drained organic soils 
are a problematic soil type owing to their high greenhouse gas 
emissions (Mosier et al. 1996, Kasimir-Klemedtsson et al. 1997, 
Lohila et al. 2004, Maljanen et al. 2003, Maljanen et al. 2004, 
Mäkiranta et al. 2007, Maljanen et al. 2010). In these soils, 
bioenergy crop production can result in emissions of nitrous 
oxide (N2O) and CO2 to an extent that the beneficial effects of 
replacing fossil fuel with biomass can be questioned (Adler et al. 
2007, Crutzen et al. 2008, Smith et al. 2001). Therefore it has been 
suggested that organic soils should not be used for biomass 
production for bioenergy (OECD 2007). 
Organic soils cultivated with annual agricultural crops (e.g., 
wheat, barley or potato) are known to be sources of GHGs (e.g. 
Maljanen et al. 2007, Regina et al 2007 and Maljanen et al. 2010). 
Annual tilling of soil can enhance CO2 and N2O emissions 
(Sanderson and Adler 2008, Šarauskis et al. 2014, Buragienė et 
al. 2015). The question arises: could we reduce GHG emissions 
from organic soils by replacing annual crops with perennial 
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crops? In the boreal region reed canary grass (Phalaris 
arundinacea L., RCG) is a potential perennial bioenergy crop 
(Venendaal et al. 1997, Lewandowski et al. 2003). In Finland 
RCG is usually cultivated on organic soils, such as abandoned 
peat extraction sites. Thermal power stations use it mixed with 
peat and/or wood for their fuel (Flyktman and Salo 2000). 
Often, the atmospheric impact of bioenergy crop cultivation 
is estimated based on theoretical carbon balance calculations 
because measured data are not available. Depending on the crop 
and soil type CO2 exchange can vary from carbon sink to carbon 
source leading to a situation where C balance estimation 
without field measurements can be highly over- or 
underestimated. Besides CO2, there are several other factors 
affecting total atmospheric impact. Emissions of N2O and CH4 
from soils are also important because according to the global 
warming potential (GWP) approach, N2O is 298 and CH4 25-
times (with a time horizon of 100 years) more effective as a 
greenhouse gas than CO2 (IPCC 2007). Additionally, carbon and 
nutrient leaching should be considered in organic soils. Finally, 
the emissions from energy use (carbon costs associated with 
fertilization, crop harvesting, transportation and other technical 
issues related to bioenergy production) has to be taken into 
account by performing life cycle assessment (LCA). Therefore, 
proper assessment of the atmospheric impact of bioenergy crop 
production systems requires experimental data on all the key 
components of C and N cycles.  
1.2 GENERAL FACTORS AFFECTING GHG BALANCES 
1.2.1 Carbon dioxide (CO2) 
Carbon dioxide is produced in respiration and decomposition 
processes (total ecosystem respiration, TER) and consumed in 
photosynthesis (gross primary production, GPP) mostly driven 
by plants. Total ecosystem respiration consists of respiration of 
above-ground plant parts, roots, fungi, bacteria and soil 
General introduction 
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animals. Thus, net ecosystem exchange (NEE) is the difference 
between CO2 uptake and its release.  
Several factors control the biological processes behind NEE. 
GPP is mainly affected by irradiance, temperature, ambient and 
leaf CO2 concentrations and soil nutrient and water conditions. 
Most important factors affecting TER are temperatures of air 
and soil, plant growth stage and soil moisture. Biological 
processes, however, are not the only parameters affecting NEE 
but also physical phenomena, such as gas transport, through the 
canopy-atmosphere interface have an important role. The main 
gas transport mechanism between the atmosphere and the 
canopy are atmospheric turbulence and molecular diffusion.    
1.2.2 Nitrous oxide (N2O)  
Nitrous oxide is formed in soils via microbiological processes; 
mainly via aerobic nitrification and anaerobic denitrification. 
Nitrous oxide production is controlled by the soil oxygen 
concentration (related to soil water status), availability of 
mineral nitrogen (especially nitrate), soil properties (e.g. 
nitrogen content, C to N ratio and pH) and management 
practices (e.g. fertilization, liming and crop type) (Martikainen 
et al. 1993, Mosier 1994, Mosier et al. 1996, Freney 1997, 
Maljanen et al. 2010).  
Drained organic soils, are usually significant sources of N2O 
to the atmosphere and thus the beneficial effects of replacing 
fossil fuel with biomass cultivated on organic soils can be 
questioned (IPCC 2006, Adler et al. 2007, Crutzen et al. 2008, 
Smith et al. 2001). In drained peatlands high emissions of N2O 
are possible when the C to N ratio of peat is below 25 and the 
water table (WT) level is low. This is a result of the high capacity 
of nitrogen rich peat to release mineral nitrogen needed for 
nitrification and denitrification (Klemedtsson et al. 2005, 
Maljanen et al. 2007, Maljanen et al. 2010). 
1.2.3 Methane (CH4) 
Methane is produced by methanogens in anaerobic soil layers 
while it is consumed by CH4-oxidizing bacteria in the aerobic 
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soil layers. The balance between these processes and the 
mechanisms transporting CH4 within the soil define its 
exchange rate between the soil and atmosphere. In wetlands, 
CH4 fluxes are mainly regulated by the WT depth, soil 
temperature, availability and quality of substrates and 
vegetation characteristics (Le Mer & Roger 2001, Whalen 2005).  
Peatlands can be drained by ditch networks. The conditions 
in the ditch bottom are anaerobic and favourable for CH4 
production. There is also leaching of dissolved methane from 
the peat profile into the ditches. Therefore ditches can have 
significant effect on CH4 flux of the site as reported for peatlands 
drained for forestry (e.g., Roulet and Moore 1995, Minkkinen et 
al. 1997, von Arnold et al. 2005, Minkkinen & Laine 2006), 
agriculture (van den Pol-van Dasselaar et al. 1999, Schrier-Uijl et 
al. 2010) and peat extraction (Nykänen et al. 1996, Sundh et al. 
2000). The CH4 balance of drained peatlands is dependent on the 
proportion of ditches to the total drained area (e.g., Roulet and 
Moore 1995, Minkkinen et al. 1997). Ditch density, vegetation 
and soil characteristics in the bottom of the ditches can highly 
affect the CH4 emission level (Roulet and Moore 1995, Sundh et 
al. 2000, Minkkinen and Laine 2006). 
1.3 LIFE CYCLE ASSESSMENT (LCA) 
When estimating the benefits derived from bioenergy crop 
cultivation, the harvested biomass is often considered as the 
primary measure. This is not, however, the whole atmospheric 
impact of the bioenergy crop. GHG emissions from the entire 
production chain including fertilization, crop harvesting, 
transportation of biomass to the power station, and other 
technical issues related to bioenergy production should be 
evaluated to perform a proper life cycle assessment (LCA) 
(Schlamadinger et al. 1997).  
In general, LCA is performed with modelled assumptions 
instead of experimental data. With this approach, one of the key 
components of the carbon balance, i.e. carbon sequestration 
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potential of the soil under bioenergy production, can be 
overlooked. Instead of using modelled assumptions, long-term 
experimental data with influence of local-specific factors (e.g. 
soil quality and inter-annual variations in climatic conditions) 
should be used to create truthful LCA and atmospheric impact 
of bioenergy crop production.  
1.4 PEATLANDS IN FINLAND 
In Finland, the area of peatlands is about 10 million ha and more 
than 60% of this area is drained for forestry, agriculture, energy 
production or road building (Turunen 2008). Pristine peatlands 
act normally as a sink for CO2 and source of CH4 (Saarnio et al. 
1997). Drainage changes peatland hydrology. This affects largely 
the biogeochemistry of carbon and nitrogen including the 
radiatively active GHG (CO2, CH4 and N2O) fluxes between the 
ecosystem and the atmosphere (e.g. Laine et al. 1996). The main 
reason for these changes is the enhanced soil aeration after 
drainage.  
Drainage also increases the decomposition of organic matter. 
Following drainage, a site can turn from a sink to a source of 
CO2 (Minkkinen et al. 2002). In general, drainage decreases CH4 
emissions by decreasing anaerobic CH4 production and 
enhancing aerobic CH4 oxidation (Nykänen et al. 1998, Saarnio 
et al. 2007). Pristine peatlands have negligible N2O emissions or 
they can be even small sinks of N2O (Regina et al. 1996, 
Martikainen et al. 1993). In contrast to CH4, N2O emissions may 
increase after drainage, especially from sites with high fertility.  
The highest N2O emissions occur when drained peatlands are 
used in agriculture (Freeman et al. 1993, Regina et al. 1996, 
Velthof et al. 1996, Augustin et al. 1998, Regina et al. 1998, 
Maljanen et al. 2004).  
In Finland the abandoned peat extraction area is about 40 000 
ha and about 44 000 ha is expected to be released from peat 
extraction by 2020 (Turveinfo 2015). After peat extraction these 
areas can be afforested, rewetted, or used for agricultural 
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
24 
 
purposes including bioenergy crop cultivation. In general these 
areas are the net sources of the GHG’s but there is still lack of 
knowledge on the total GHG balance and environmental impact 
of these soils. Therefore this study was conducted to gain data 
for one after use option. 
1.5 SITE DESCRIPTION 
The study site is described in more detail in chapters 2-4 and 
only a short description is given here.  
All measurements in this thesis were made at the Linnansuo 
peatland complex (62°30’N, 30°30’E) in eastern Finland on the 
border of the southern and middle boreal climatic zones (Figure 
1). The study site (referred to hereafter as ´RCG site’) is a 15-ha 
drained cut-away peatland with RCG cultivation. Physical and 
chemical characteristics of the surface peat are shown in Table 1. 
Drainage of the site began in 1976 and from 1978 to 2000 peat 
was extracted for energy. In 2001 cultivation of RCG (variety 
Palaton) began. The site was fertilized every spring after crop 
harvesting with an NPK (17:4:13) fertilizer at a rate of 350 kg ha-
1. First harvesting of the crop was done in spring 2004, fourth 
year of the rotation, and following this, the crop was harvested 
annually in every spring after the snow melt (RCG is left over 
winter at the site for drying the biomass). As RCG is being 
cultivated as a perennial crop, there is no annual tilling. The site 
was limed in 2001 during the establishment phase and once 
again in 2006 with finely-crushed dolomitic limestone 
(CaMg(CO2)2) at the rate of 7800 kg ha-1. 
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Figure 1. Location of the study site. 
 
Because the site was formerly used for peat extraction, the 
site contains drainage ditches which divide the area into strips 
of drained peat layers (Figure 2). The drainage ditches have 
been dug at 20 m intervals down to the mineral soil and cover 
6% of the study site. The ditches were blocked in spring 2008 for 
a hydromanipulation experiment (Chapter 6). Additionally, an 
extra-wet subsite was created in 2009 (Figure 2, Chapter 6). To 
keep the water level at this site always close to the soil surface, 
additional water was pumped from a neighbouring ditch. 
Adjacent to the RCG site, there is a site without vegetation 
cover (bare peat, referred to hereafter as ‘BP site’, Figure 2). In 
the BP site drainage occurred two years after the RCG site. 
During this study, peat was still being extracted there during 
summer months.  
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Figure 2. Aerial photo of the study site (© Alpo Hassinen); (A) location of the EC-
tower, (B) the chamber location in 2004-2007 (before hydromanipulation), (C) the 
chamber location in 2008-2010 (situation with blocking of the ditches), (D) the 
chamber location in 2008-2010 (situation without blocking of the ditches), (E) the 
extra-wet subsite, (F) the location of measuring weir for leaching, (G) the chamber 
locations in the ditches and (H) the BP site.  
 
Table 1. Physical and chemical characteristics (mean ± standard deviation or range) of 
the surface peat at the reed canary grass (RCG) and bare peat (BP) sites. (BD, bulk 
density; DW dry weight; Θ, surface soil moisture content; WT, water table depth; N, 
number of measurements or replicates; and Depth, measurement depth) 
 
 RCG site BP site N Depth 
BD (g DW cm-3) 0.42 ± 0.19 0.18 ± 0.05 6 0 – 0.06 
pH 3.5 – 7.1 2.7 – 5.2 6 – 15 0 – 0.15 
C% 38.8 ± 18.4 56.5 ± 2.4 6 0 – 0.15 
N% 1.0 ± 0.5 1.4 ± 0.3 6 0 – 0.15 
C:N-ratio 42.3 ± 7.0 42.1 ± 8.8 6 0 – 0.15 
Θ (m3 m-3) 0.11 – 0.70 
(mean 0.52) 
0.12 – 0.78 
(mean 0.68) 
* 0 – 0.06 
WT (m) 0.41 – 0.71 
(mean 0.65) 
Not available **  
*Simultaneously with chamber measurements 
**Continuous data 
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1.6 METHODS 
Measurements (Table 2) are described in greater details in the 
respective research papers, therefore only a short overview is 
given here. Besides the measurements described below, several 
supporting meteorological measurements were made (see the 
publications) to describe the climatic conditions during the 
measurement years and to investigate the factors controlling 
GHG exchange rates. In this study positive emission values 
imply net emissions to the atmosphere and negative values net 
uptake by the soil. 
 
Table 2. Methods used to determine the environmental impact of the RCG cultivation and the 
respective thesis chapters where the results are presented. RCG is the reed canary grass site, BP 
the bare peat site, IR the portable infrared analyser and GC the gas chromatograph. All indicated 
components were measured before and after hydromanipulation at the study site. Emissions of 
N2O and CH4 are measured also at the extra-wet subsite.  
 
Component Method Scale Site Chapter 
CO2 Eddy covariance Field RCG 2,5,6 
CO2 emission Static chamber with IR Plot RCG ditches 4 
N2O, CH4 
N2O, CH4 
Static chamber with GC 
Snow gas gradient with GC 
Plot 
Plot 
RCGa, BP 
RCG, BP 
3,4,6 
3 
leaching Runoff +water sampling Field RCG 4 
athe cultivation strips and the ditches 
1.6.1 Eddy covariance method 
Carbon dioxide, water and energy fluxes can be measured using 
micrometeorological eddy covariance method (EC) (Baldocchi 
2003, Papale et al 2006). With this method, the continuous CO2 
exchange across the biosphere-atmosphere interface is defined 
by calculating covariance between turbulent fluctuations in 
vertical wind velocity and CO2 mixing ratio. EC method is 
accurate when the atmospheric conditions are steady and 
homogenous vegetation is on flat terrain. EC method provides 
long-term and continuous information of NEE and it does not 
disturb the microenvironment being studied.  
In this study NEE was measured in 2004-2011 at the RCG site 
(Chapters 2, 5 and 6.1). The location of the EC tower is shown in 
Figure 2. The EC system consists of a fast response (10 Hz) open 
path infrared CO2/H2O analyzer and a 3-D sonic anemometer. 
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Measured data were post-processed using ‘Edire’-program 
(Mauder et al. 2008). Post-processed data were then quality 
checked and gap filled using the marginal distribution sampling 
method described in Reichstein et al. 2005.  
1.6.2 Static chamber method 
Fluxes of N2O and CH4 and emissions of CO2 (Chapter 3, 4 and 
6.2) were measured with a static chamber technique (Alm et al. 
1999, Nykänen et al. 1995). Here CO2 emission means the total 
CO2 respiration (measured with dark chamber).  At the RCG site 
GHG emissions were measured during 2004-2010 once or twice 
a month during the snow-free season. Additionally, flux 
measurements at the RCG site were made more frequently (once 
or twice a week) to capture the emission bursts soon after 
fertilization.  
In the RCG site permanent collars were installed in the 
ground. Before the hydromanipulation 12 collars and after the 
hydromanipulation five collars were used in each subsite 
(locations in Figure 2). During the gas measurement, a chamber 
was placed over the collar and gas samples were drawn from 
the chamber headspace using polypropylene syringes. Gas-tight 
connection during the measurement was ensured with water 
grooves.  
At the BP site fluxes of CH4 and N2O and emissions of CO2 
were measured in 2004-2007 (Chapter 3). The active peat 
extraction during summer months prevented the use of 
permanent collars at this site. Instead, chambers were placed 
directly into the soil at the beginning of the measurement. At 
this site emissions were measured at nine locations (Figure 2).  
Emissions of CO2, CH4 and N2O from the ditches were 
measured in 2006, 2008 and 2009 at the RCG site from three 
ditches with three replicate chambers (Chapter 4). Measurement 
locations (Figure 2) were nearby the chambers in the strips. 
Fluxes were measured using either permanent collars or floating 
chambers.  
After sampling for flux estimation, gas samples were 
transferred into glass vials and concentrations of N2O and CH4 
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were analysed with a gas chromatograph. Emission of CO2 from 
the BP site (Chapter 3) and from the ditches (Chapter 4) was 
measured by recording CO2 concentration in the chamber 
headspace with a portable infrared gas analyser. Gas fluxes 
were calculated from the linear changes in gas concentrations 
over time of chamber enclosure.  
1.6.3 Snow gas gradient method 
In winter, the snow gas gradient method (Sommerfeld et al. 
1993, Alm et al. 1999, Maljanen et al. 2003) was used (Chapter 3).  
Gas sampling was made when the snow cover was at least 30 
cm. Gas samples were taken from the snow and air above the 
sampling area with syringes attached to a metal probe. Gas 
samples from the snow and air were analysed according to 
procedures similar to chamber method described above. 
Simultaneously with gas sampling, the porosity of snow was 
determined from the weight of snow samples of known volume 
and density of pure ice. The gas fluxes through the snow to the 
atmosphere were then calculated using Fick’s first law of 
diffusion.  
1.6.4 Leaching 
Carbon and nutrient leaching was measured from the RCG site 
during years 2004-2010 (Chapter 4). At the RCG site, the ditch 
network has been designed so that the runoff and leaching 
losses from the site can be measured accurately at the north-
eastern edge of site (Figure 2). Runoff of water through the ditch 
network was determined by a Thompson V-notch measuring 
weir. Water sampling from out-flowing water was made during 
weeks 18-44 (from the late April to end of October). Chemical 
oxygen demand (CODMn), total organic carbon (TOC), total 
nitrogen (tot-N), (NO3+NO2)-N, NH4-N, total and mineral 
phosphorus (tot-P and PO4-P) and iron (Fe) contents were 
analysed from out-flowing water once or twice a fortnight. 
Water samples were analysed at the laboratory of the Savo-
Karjala Environmental Research Ltd (Kuopio, Finland).  
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1.6.5 Life cycle assessment 
LCA was performed for the periods before and after hydro-
manipulation (Chapters 5 and 7.3). LCA includes measured 
annual NEE, N2O and CH4 emissions from soil and ditches, 
annual crop yield values and crop management related CO2 
emissions based on published data. Crop management related 
CO2 emissions included production, transportation and 
application of fertilizer and lime, harvesting and transportation 
of biomass from the field to a combustion plant and fuel 
consumption for supervision tasks. The emissions were 
calculated taking into account the actual cultivation practices 
during the measurement years. 
Net annual GHG emissions Cnet (as CO2-equivalents) were 
estimated as formulated below; 
 
Cnet = CNEE + CN2O + CCH4 + CManage + CYield,  
 
where CNEE is annual NEE (kg CO2 ha-1), CN2O and CCH4 is annual 
nitrous oxide and methane emissions (kg CO2–eq ha-1), CManage is 
the crop management-related CO2 emissions (kg CO2-eq ha-1) 
and CYield is the annual biomass yield (kg CO2–eq ha-1). Results 
were compared with the net emissions per megawatt hour of a 
traditional energy source such as coal. 
1.7 AIMS OF THE STUDY 
Aim of this study was to determine the environmental impacts 
of perennial bioenergy crop (reed canary grass) cultivation on 
organic soil. Main questions were:  
 What impact does the cultivation of a perennial 
bioenergy crop have on the GHG balance of a cut-away 
peatland site? 
 What is the importance of the ditches in the site overall 
GHG balance? 
 What is the extent of carbon and nutrient leaching losses 
at the site? 
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 Can we improve the GHG balance of a cut-away peatland 
cultivated with a perennial bioenergy crop by altering the 
hydrological conditions? 
 Based on the experimental data and complete life cycle 
assessment, how does a bioenergy crop cultivated on a 
cut-away peatland fare in comparison to traditional 
source of energy such as coal?  
 
All results, excluding leaching and LCA, are compared with 
the results from an adjacent bare peat site (BP) without any 
vegetation to estimate how RCG cultivation changes the GHG 
balance of an abandoned peat extraction site. 
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6 Hydromanipulation 
experiment 
Annual CO2 fluxes of the RCG site were strongly affected by the 
hydrological conditions during the growing seasons 2004–2007 
(Chapter 2). During the wetter years (2004 and 2007), the RCG 
site acted as a strong sink for C whereas during the dryer years 
(2005 and 2006) the site was a weaker sink (Table 3). With 
increasing water availability, the RCG fixed more atmospheric C 
(Figure 3). Therefore we initiated a hydromanipulation 
experiment in spring 2008 by blocking the ditches at the site 
scale.  
 
 
 
Figure 3. Relationship between precipitation (P in mm) during the growing season 
and the annual net ecosystem exchange (NEE in g m-2) with non-linear regression at 
the reed canary grass site before hydromanipulation. NEE = -0.008∙P2+0.07∙P-6.4 
(R2=0.96). 
 
There is a risk of increased CH4 emissions when WT level is 
elevated. To ascertain whether CH4 emissions increase after 
hydromanipulation, we left the last three cultivation strips at the 
site unblocked (Figure 2). These strips served as control strips. 
Additionally a 10 x 10 m extra-wet subsite (Figure 2) was 
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created on the last strip where the WT level was maintained 
close to the soil surface by pumping water from the adjacent 
ditches.  
The mean seasonal WT was not affected by the 
hydromanipulation (Table 3) but the range in the measured WT 
levels was reduced (data not shown here). An earlier study at 
the site observed that the soil moisture at 30 cm depth was 
saturated during the growing seasons, whereas the soil moisture 
closer to the soil surface showed clear fluctuation relative to the 
climatic conditions (i.e. radiation and precipitation) at the soil 
surface (Shurpali et al. 2013). The study of Gong et al. (2013) 
made at the same study site suggested that the reason for this 
could be a decoupled hydrological system where the soil 
moisture in the deeper soil layers is not affected by the surface 
conditions. 
Effects of the hydromanipulation experiment on CO2 
exchange and N2O and CH4 emissions are described in this 
chapter. Effects of the manipulation on leaching and GHG 
emissions from ditches are shown in Chapter 4.   
6.1 CO2 EXCHANGE PATTERNS BEFORE AND AFTER 
HYDROMANIPULATION 
The daily distribution of NEE, GPP and TER during the entire 
study period is shown in Figure 4. The annual maximum NEE 
values ranged from -9.6 (in 2004) to -4.2 g C m-2 d-1 (in 2010 and 
2011) and the maximum daily GPP values  ranged from -15.8 (in 
2004) to -7.2 g C m-2 d-1 (in 2011).  The highest daily TER ranged 
from 4.7 (in 2011) to 7.6 g C m-2 d-1 (in 2004). All annual extreme 
values of NEE, GPP and TER were measured in July except in 
2011 when the maximum NEE occurred in August. Decrease in 
the annual NEE, GPP and TER in 2011 is associated most likely 
to the poor plant growth. By this time RCG was in the 11th year 
of the rotation cycle (rotation time of RCG is estimated to be 10-
15 years). 
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Figure 4. Upper figure shows daily distribution of total ecosystem respiration (TER) 
and gross primary productivity (GPP). Lower figure shows daily net ecosystem CO2 
exchange (NEE) in 2004-2011. Vertical dotted line indicates the time when 
hydromanipulation experiment was started. 
 
Before hydromanipulation the annual NEE varied between -
8.7 (in 2005) and -211 g C m-2 (in 2004) being -100 g C m-2 on 
average (Chapter 2). After hydromanipulation NEE varied from 
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
96 
 
-100 (in 2010 with the lowest seasonal precipitation) to -231 g C 
m-2 a-1 (in 2009) being on average -171 g C m-2 a-1 (Table 3). The 
annual NEE value reported in Chapter 5 for 2008 is different 
owing to a different gap filling procedure adopted here. The 
new values are given in Table 3. After hydromanipulation NEE 
was less dependent on seasonal precipitation than before 
hydromanipulation (Figure 5). This indicated that the RCG 
cultivation benefits with hydromanipulation and thrives under 
high moisture conditions. 
 
Table 3. Water table depth (WT), precipitation (Precip.) and air temperature (T) 
during the growing seasons. There is data also on annual net ecosystem exchange 
(NEE) and net biome productivity (NBP) before (2004-2007) and after (2008-2011) 
hydromanipulation. 
 
 Year WT 
(cm) 
Precip. 
(mm) 
T 
(˚C) 
Yield 
(kg ha-1) 
NEE  
(g C m-2 a-1) 
NBP  
(g C m-2 a-1) 
Before hydrological manipulation 
 2004a,b 60 560 12.7 3692 -211 -72 
 2005a,b 69 227 12.4 2092 -9 70 
 2006a,b 73 227 11.7 3593 -52 84 
 2007a,b 66 441 10.7 4598 -127 48 
        
After hydrological manipulation  
 2008 57 406 9.4 2950 -198 42 
 2009 57 405 11.0 2420 -231 -107 
 2010 56 265 14.1 n.a. -100 n.a. 
 2011c 60 355 13.2 n.a. -154 n.a. 
aChapter 2 
bChapter 3 
cUntil 3.11.2011 
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Figure 5. Relationship between the seasonal precipitation (P in mm) and the 
annual net ecosystem CO2 exchange (NEE in g m-2) with non-linear regression at the 
reed canary grass site before (open circles) and after (solid circles) hydromanipulation. 
After hydromanipulation NEE = -0.004∙P2+1.95∙P-327.3 (R2=0.97). 
 
Net biome production (NBP) refers to the net carbon uptake 
when carbon lost in biomass removal is subtracted from the 
NEE. The NBP was calculated by using an average moisture 
content of 17.5% and carbon content of 45.8% (Vapo Ltd. Energy 
2003). The NBP was determined before (2004-2007) and after 
(2008-2009) hydromanipulation (Table 3). The NBP could not be 
estimated for years 2010 and 2011 because crop yield values 
were not determined. Before the  hydromanipulation the NBP 
varied from -71.7 (in 2004 with high seasonal precipitation) to 84 
g C m-2 a-1 (in 2006 with low seasonal precipitation) being on 
average 32 g C m-2 a-1 (Table 3). After the hydromanipulation the 
NBP was 42 g C m-2 a-1 in 2008 and -107 g C m-2 a-1 in 2009. 
Values of the NBP in 2004-2008 (in Chapter 5) are recalculated 
and the new values are given in Table 3. In spite of the poor 
crop growth, both NEE and NBP values suggest that the 
ecosystem gained atmospheric C. 
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6.2 EMISSION OF N2O AND CH4 
 
Before hydromanipulation, N2O emissions during the growing 
season were low being on average 0.08 g N2O m-2 a-1 (Chapter 3). 
After hydromanipulation, the chamber measurements were 
conducted only during the growing season and therefore only 
seasonal emissions of N2O and CH4 are given. Blocking did not 
affect significantly the N2O emissions from cultivation strips 
(Table 4). After hydromanipulation in 2008 and 2009 the N2O 
emissions were slightly lower especially at the extra-wet subsite. 
Differences, however, were not statistically significant owing to 
high variation in the flux data.  
 
Table 4. Emission of N2O and CH4 (±SD) from different treatments during the 
growing seasons 2008-2010. 
 
Treatment Year CH4 (g m-2) N2O (g m-2) 
Before hydromanipulation mean 2004-2007a 0.32 ± 0.26 0.08 ± 0.04 
 2008 0.21 ± 0.36 0.03 ± 0.02 
2009 0.08 ± 0.21 0.10 ± 0.06 
2010 0.23 ± 0.22 0.82 ± 0.70 
 mean 2004-2010 0.17 ± 0.25 0.26 ± 0.18 
    
After hydromanipulation 2008b 0.10 ± 0.15 0.04 ± 0.04 
  0.06 ± 0.15 0.06 ± 0.05 
2009 0.11 ± 0.12 0.11 ± 0.13 
2010 0.13 ± 0.09 1.25 ± 0.93 
 mean 2008-2010 0.15 ± 0.12 0.24 ± 0.56 
    
Extra-wet subsite 2009 2.78 ± 3.78 0.02 ± 0.02 
2010c 0.63 ± 0.89 0.98 ± 0.40 
 mean 2009-2010 1.71 ± 2.83 0.50 ± 0.57 
aChapter 3 
bin 2008 chamber measurements were made in two cultivation strip 
cBecause of low precipitation no water to be pumped from the ditches 
 
Just after the fertilization the N2O emissions in 2010 were five 
times higher than in earlier years at the same time (Figure 6) 
leading to ten times higher seasonal emissions  in 2010  (Table 
4). This might be attributed to the poor crop growth; the 
perennial crop was approaching the end of the rotation cycle 
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and nitrogen uptake efficiency of RCG was lower. After the 
fertilization peak, N2O emissions remained at the same 
background emission level as in the earlier years. 
 
 
Figure 6. Emission of N2O (mg m-2 h-1) in 2008-2010 at the reed canary grass 
cultivation with different treatments; (A) without hydromanipulation, (B) with 
hydromanipulation and (C) extra-wet subsite. Time of fertilization is marked by 
arrows.  
 
 
Figure 7. Emission of CH4 (mg m-2 h-1) at the reed canary grass cultivation during 
2008-2010 with different treatments; (A) without hydromanipulation, (B) with 
hydromanipulation and (C) the extra -wet subsite. 
 
Before hydromanipulation, CH4 emissions during the 
growing season were low, being on average 0.3 g m-2 a-1 
(Chapter 3). Hydromanipulation did not increase significantly 
the CH4 emission (Table 4). Emissions of CH4, however, were 
higher in the extra-wet subsite (Figure 7). Seasonal CH4 emission 
in 2009 at the extra-wet subsite was 2.78 g m-2 (Table 4). This is 
less than reported for pristine peatlands in general (Saarnio et al. 
2007). In 2010 precipitation during the growing season was low 
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(Table 3) and the WT level at the extra-wet site could not be 
maintained continuously close to the soil surface. Therefore the 
seasonal emission was lower (0.62 g m-2). 
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7 General discussion  
This study addresses the atmospheric impact of perennial 
bioenergy crop (RCG) cultivation on an organic soil, cut-away 
peatland. The study included measurements of CO2 exchange 
(eight years), emissions of N2O and CH4 (seven years), GHG 
emissions from the ditches (three years) and leaching of C and 
nutrients (seven years). In addition, LCA (including GHG 
fluxes, annual crop yields and crop management related CO2 
emissions based on published data) was performed for six years. 
Furthermore, the effect of ecosystem scale hydromanipulation 
on the GHG balance was defined. There also was a control sub-
site (the BP site) without RCG cultivation where emissions of 
CO2, N2O and CH4 were measured during four years. 
7.1 GREENHOUSE GAS EXCHANGE 
The RCG cultivation changed the former peat extraction area 
from a C source to a C sink. In this study, the average NEE at 
the RCG site was -135 g C m-2 a-1 (Chapters 2, 5 and 6.1). In 
contrast, the BP site showed a sustained loss of carbon at an 
average rate of 104.0 g C m-2 a-1 (Shurpali et al. 2008). The RCG 
site gained C during the growing seasons but lost C outside the 
growing seasons (Figure 8). Total cumulative NEE was -1098 g C 
m-2 during the eight year study period (2004-2011). Cumulative 
NEE indicates the amount of C the site accumulated during 
these years in the form of CO2. This indicates strong C 
sequestration by the RCG cultivation. Results shown in this 
study are consistent with those reported by Karki et al. (2015b), 
Mander et al. (2012) and Järveoja et al. (2013). Cultivation of 
RCG was found to sequester C also on mineral soil (Lind et al. 
2015). On agricultural organic soil, fresh C from plants can 
accelerate the decomposition of the native soil organic matter by 
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increasing soil microbial activity (Kuzyakov et al. 2000). Studies 
made at this study site, however, showed that the RCG 
cultivation does not accelerate peat decomposition (Biasi et al. 
2008, 2011 and 2012).  
 
 
Figure 8. Cumulative net ecosystem carbon exchange at the reed canary grass site 
during 2004-2011. Vertical dotted line indicates the time when hydromanipulation 
began. 
 
 Only a few papers report data on GHG fluxes on different 
after-use options of peat extraction areas (Maljanen et al. 2010). 
Maljanen et al. (2010) report mean annual CO2 fluxes (from 
Nordic peatlands) of 190 g C m-2 a-1 at active peat extraction site, 
63 g C m-2 a-1 at abandoned peat extraction site, -5 g C m-2 a-1 at 
restored sites and -120 g C m-2 a-1 at restored forested site. To the 
best of our knowledge there are no measured data of net CO2 
exchange at afforested sites.    
During the growing seasons average N2O emissions were 
0.17 g m-2 at the RCG site (Chapter 3 and 6.2) and 0.01 g m-2 at 
the BP site (Chapter 3) during the study period. Generally N2O 
emissions from organic agricultural soil with annual crops are 
an order of magnitude higher than in this study (Maljanen et al. 
2010). Maljanen et al. (2010) report mean annual N2O emission 
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of 0.38 g m-2 a-1 at afforested site, 0.55-2.0 g m-2 a-1 at restored 
forested site (depending of fertilization), 0.09 g m-2 a-1 at peat 
extraction site and 0.08 g m-2 a-1 at abandoned peat extraction 
site. Restored sites did not emit any N2O.  
Average seasonal emissions of CH4 during the study period 
were 0.21 and 0.60 g m-2 in the RCG (Chapters 3 and 6.2) and the 
BP site (Chapter 3), respectively. In this study CH4 fluxes were 
slightly higher than from agricultural soils in general but an 
order of magnitude lower than those from pristine peatlands 
(Saarnio et al. 1997, Maljanen et al. 2007). Maljanen et al. (2010) 
report mean annual CH4 emission of 21.8 g m-2 a-1 at restored 
sites, 3.35 g m-2 a-1 at restored forested site, 1.65 g m-2 a-1 at peat 
extraction site, 0.26 g m-2 a-1 at abandoned peat extraction site 
and -0.05 g m-2 a-1 at afforested site. 
The carbon balance including CO2 exchange, CH4  emission 
and carbon leaching but excluding yield and management 
related CO2 emissions was as on average -93,2 g m-2 a-1  showing 
that site has an atmospheric cooling effect in contrast to drained 
organic soils in general  (Kortelainen et al. 2006, Maljanen et al. 
2010).   
The CO2 balance of the RCG site was strongly affected by the 
hydrological conditions (Chapters 2, 5 and 6.1). There was 71 % 
increase in the carbon uptake (NEE) due to the 
hydromanipulation (Chapter 6.1). The same amount of seasonal 
precipitation after hydromanipulation led to higher uptake of 
CO2 by the RCG crop. This is attributed to better retention of soil 
moisture under hydromanipulation experiment. 
Hydromanipulation did not affect significantly the N2O 
emissions. After hydromanipulation, except in 2010, the N2O 
emissions were slightly lower especially on extra-wet subsite 
but differences were not statistically significant owing to high 
variation in the flux data. Several papers report that the elevated 
WT level mitigated the GHG emissions (Maljanen et al. 2012, 
Maljanen et al. 2013, Leppelt et al. 2014 and Regina et al. 2014). 
They reported that N2O emissions from drained organic soils 
with afforestation or abandonment without any management 
can be as high as those from soils in active agricultural use and 
only option to mitigate GHG emission by increasing C 
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sequestration and decreasing N2O emission was to elevate WT 
level closer to the soil surface. Regina et al. (2014) found optimal 
WT level at 30 cm.  
Hydromanipulation increased CH4 emissions only in the 
extra-wet subsite, where seasonal emission was 2.78 and 0.63 g 
m-2 in 2009 and 2010, respectively. Emissions this high can 
change GWP to positive, so elevating of WT level should be 
done with proper consideration. Emissions of CH4 on this 
subsite were lower than from pristine peatland (Saarnio et al. 
1997). 
 Ditches have no influence on the total GHG emissions at the 
site scale and the hydromanipulation had no effect on the GHG 
emission from the ditches (Chapter 4). When considering the 
total CH4 emission from the site, only 10% of the CH4 was 
released from the ditches (areal coverage of the ditches was 6 
%). If all the ditches would have had abundant algal growth the 
CH4 emission from ditches would be 22 % of the total CH4 
emission. Even in this scenario difference was not statistically 
significant. Ditch CH4 emission at this site was only tenth of the 
emissions estimated according to the IPCC guidelines for 
National Greenhouse Gas Inventories (2014).  Emissions of CO2 
and N2O from the ditches were minor. 
The GHG emissions here were lower than what is expected 
for bioenergy production on drained organic soils based on the 
OECD (2007) report and the works of Adler et al. (2007), 
Crutzen et al. (2008) and Smith et al. (2001). They reported that 
on organic soil GHG emissions from bioenergy crop cultivation 
can be so high that the biomass production is not environment-
friendly and claimed that these soils should be banned from 
biomass production.  These may indeed be the case if the N2O 
emissions are high. The key reason, in addition to the high C 
uptake capacity, for the beneficial atmospheric impact of the 
RCG cultivation system on this drained organic soil was the low 
level of N2O emissions. The low N2O emissions are associated 
with the site characteristics; peat here had high C to N ratio 
which limits the N2O production (Klemedtsson et al. 2005, 
Maljanen et al. 2007 and Maljanen et al. 2010). Therefore, the 
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results presented here suggest that the production of biomass by 
perennial crops on organic soils with high C to N ratio is a 
suitable land-use option when considering the atmospheric 
impact.  Such high C to N ratios are typical for peat extraction 
sites (Laine 1983), especially so in eastern Finland. 
According to the IPCC Guidelines for National Greenhouse 
Gas Inventories (IPCC 2006), direct N2O emissions from 
managed soils can be estimated based on N inputs and soil type. 
In the RCG site the annual N2O emissions according to the IPCC 
approach (2006) would be at least 8.6 kg N2O–N ha-1 a-1 while 
the measured emissions amount only to 0.56 kg N2O–N ha-1 a-1 
(Chapter 3). Updated IPCC approach (2014) estimates even 
higher direct N2O emissions (9.5 kg N2O–N ha-1 a-1 without 
emission from fertilizer). Based on the results shown in this 
thesis, it is clear that the IPCC approach can highly overestimate 
the N2O emission. Thus, effects of soil properties and perennial 
crops on the N2O emissions should be further studied in order 
to better understand the links behind N2O emissions. This way 
we would further improve model based estimations of N2O 
emissions.  
7.2 LEACHING OF CARBON AND NUTRIENTS 
Leaching is important for the net C balance especially in peat 
soils (Chapter 4). Leaching of TOC from RCG site was lower 
than from active peat extraction areas and similar to forested or 
agricultural areas (Sallantaus 1992, Mattson et at. 2003, 
Kortelainen et al. 2006, Sarkkola et al. 2009, Rantakari et al. 2010, 
Heitto L. pers. comm.).  
Nitrogen leaching in this site was higher than in forested 
areas but regardless of fertilization nitrogen leaching was lower 
than from agricultural or peat extraction areas in general 
(Sallantaus 1986, Kløve 2001, Vuorenmaa et al. 2002, Mattson et 
at. 2003, Granlund et al. 2004, Kortelainen et al. 2006, Alahuhta 
2008, Heitto L. pers. comm.). Evidently N availability in this 
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peat of high C to N ratio was low and the crop used efficiently 
both the mineralized and fertilizer N.  
Leaching of phosphorous was lower than from agricultural 
areas, similar to peat extraction areas, and higher than from 
forested areas (Sallantaus 1986, Kløve 2001, Vuorenmaa et al. 
2002, Mattson et at. 2003, Kortelainen et al. 2006, Alahuhta 2008, 
Heitto L. pers. comm.). Hydromanipulation did not affect 
leaching of carbon and nutrients.  
These results supported earlier studies where leaching could 
be lowered with perennial crop (Partala and Mela 2000, Fraser et 
al 2004, Pahkala et al. 2005, Puustinen et al. 2005, Antikainen et 
al. 2007, Puustinen et al. 2007).    
7.3 ATMOSPHERIC IMPACT OF RCG BASED ENERGY – LIFE 
CYCLE ASSESSMENT 
The LCA of the RCG cultivation is compared in this study with 
a traditional source of energy such as coal and there are no 
studies of LCA on other after-use options of peat extraction 
areas based on experimental data. In general, drained organic 
soils, especially those used for agriculture, are net sources of 
GHGs (e.g. Maljanen et al. 2010). Throughout the whole study 
period, RCG based energy produced less CO2-equivalents per 
MWh than a conventional energy source such as coal (Figure 9). 
Climatic conditions, however, highly regulated the C balance of 
the RCG cultivation and therefore also the atmospheric impact 
of energy based on RCG as shown by the LCA. Carbon dioxide 
exchange and C in the harvested crop yield are the major 
components of LCA at this site while non-CO2 GHG emissions 
and costs associated with crop production are the minor ones. 
Similar results are found in other studies (Järveoja et al. 2013 
and Karki et al. 2015a).  
In general, bioenergy crops are considered carbon-neutral 
since the fixed carbon in the crop is released to the atmosphere 
when the crop is burned (e.g. Ragauskas et al. 2006). This study 
shows the importance of knowing the ecosystem level GHG 
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balances. The RCG based energy was even more than carbon-
neutral in 2004 before hydromanipulation when seasonal 
precipitation was high but in contrast to the drier years 2005-
2007 (Chapter 5 and Figure 9). After hydromanipulation (2008 
onwards) the energy was again more than carbon-neutral 
(Figure 9). It was an important finding that the variation in the 
crop yield did not explain the atmospheric impact of RCG based 
energy. Therefore, the atmospheric impact of bioenergy 
cultivation cannot be estimated solely based on crop yield; the 
annual variation in the ecosystem CO2 exchange which includes 
the fate of soil carbon must be included.  
 
 
Figure 9. Net emission (including CO2 exchange, emission of N2O and CH4, annual 
crop yield values and crop management related CO2 emissions based on published 
data) of reed canary grass on organic soil during 2004-2009 as kg CO2 MW h-1 or 
energy (bars) compared with net emissions from coal (dotted line). 
 
This study showed that the RCG cultivation on organic soil 
can have a positive atmospheric impact. Even without 
hydromanipulation, the atmospheric impact of the RCG 
cultivation on the abandoned peat extraction area was much 
better than that of the BP site (Chapters 2 and 3). While the BP 
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site was a source of C and N2O, the RCG site was a strong sink 
of C with minor N2O and CH4 emission (Chapters 2-4, Shurpali 
et al. 2008). Blocking of the ditches further improved the 
atmospheric impact of the RCG cultivation (Chapters 5 and 6). 
Therefore, when using RCG cultivation as an after-use option in 
abandoned peat extraction areas, the most beneficial carbon 
balance and atmospheric impact are obtained by keeping water 
table high enough. The results here are consistent with those 
reported by Karki et al. (2015b), Mander et al. (2012) and 
Järveoja et al. (2013).  
7.4 POTENTIAL USAGE OF RCG 
Reed canary grass is adapted well to the growth conditions in 
boreal region; thriving under low temperature, high moisture 
and humus rich soil conditions, it can be cultivated both on 
organic and mineral soil (Venendaal 1997, Lewandowski et al. 
2003, Lewandowski et al. 2006). Besides, RCG tolerates both 
drought and flooding periods, establishment cost of RCG 
cultivation is low, it has high competitiveness to weeds, it keeps 
rural landscape open and it requires only standard agricultural 
machinery. In addition, cultivation areas under RCG are also 
easily returned to food crops if necessary by conventional soil 
tillage operations. Cultivation of RCG is not demanding also in 
the sense that as perennial crop there is no need for annual 
tilling. Furthermore, in bioenergy production RCG crop can be 
harvested annually compared to a more long term outlook with 
willow or afforestation.  
In Finland cultivation area of RCG and its use for bioenergy 
purpose is currently decreasing due to technical problems 
associated with the burning processes (e.g. Werther et al. 2001, 
Ghica et al. 2012, Kortelainen et al. 2015). In the future, these 
problems could be mitigated. As the RCG biomass production is 
an environmental friendly after-use option for cut-away 
peatlands, the produced biomass can be used for other purposes 
such as bioreactors, oil spill absorption  or raw material for 
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liquid biofuel, biogas or paper pulp (Pasila and Kymäläinen 
2000, Powlson et al. 2005, Lankoski and Ollikainen 2011, Kandel 
et al. 2012, Oleszek et al. 2014). In addition, RCG cultivation 
could be used as buffer zone in waste water or peat extraction 
catchments to reduce carbon and nutrient leaching or cultivate 
RCG on abandoned agricultural soil to improve the C 
sequestration (Partala and Mela 2000, Fraser et al 2004, Pahkala 
et al. 2005, Puustinen et al. 2005, Antikainen et al. 2007, 
Puustinen et al. 2007, Lakaniemi et al. 2010). There is, however, 
currently only a limited amount of literature on the atmospheric 
impact of these forms of use. 
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8 Conclusions 
Long-term field experimental data shown in this study proves 
that with proper site selection, and cultivation and land-use 
practices, environmentally sound bioenergy production on 
organic soils is possible.  
 
The main conclusions of this study are: 
 
 The RCG cultivation changed the peat extraction area from 
the GHG source to the GHG sink. 
 The full balance of GHGs and leaching should be determined 
for biomass producing ecosystems in order to define the true 
atmospheric impact of biomass based energy.  
 RCG cultivation can be used to mitigate GHG emissions and 
carbon and nutrient leaching on cut-away peatlands 
especially on soils with high C to N ratio. 
 Hydrological conditions are crucial for the carbon balance 
and atmospheric impact of the energy produced by RCG 
biomass on organic soil. The most beneficial carbon balance 
and atmospheric impact are obtained by keeping the water 
table of organic soil high enough. 
 The energy produced based on the RCG biomass had fewer 
emissions per MWh than energy from a conventional source 
such as coal. 
  
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
112 
 
 
 Dissertations in Forestry and Natural Sciences No 196 
113 
 
References 
Adler P.R., Del Grosso S.J. and Parton W.J. 2007. Life-cycle 
assessment of net greenhouse-gas flux for bioenergy 
cropping systems. Ecological Applications 17: 675–691. 
Alahuhta J. 2008. Selkämeren rannikkovesien tila, 
vesikasvillisuus ja kuormitus - Rehevöitymistarkastelu. 
Reports of Southwest Finland Regional Environment Centre 9. [In 
Finnish]  
Alm J., Saarnio S., Nykänen H., Silvola J. and Martikainen P.J. 
1999. Winter CO2, CH4 and N2O fluxes on some natural and 
drained boreal peatlands. Biogeochemistry 44: 163–186. 
Antikainen R., Tenhunen J., Ilomäki M., Mickwitz P., Punttila P., 
Puustinen M., Seppälä J. and Kauppi L. 2007. Bioenergian 
uudet haasteet Suomessa ja niiden ympäristönäkökohdat - 
Nykykatsaus. Reports of Finnish Environment Institute 
11|2007. [In Finnish] 
Augustin J., Merbach W. and Rogasik J. 1998. Factors 
influencing nitrous oxide and methane emissions from 
minerotrophic fens in northeast Germany. Biology and Fertility 
of Soils 28: 1-4. 
Baldocchi D. 2003. Assessing ecosystem carbon balance: 
problems and prospects of the eddy covariance technique. 
Global Change Biology 9: 479–492.  
Biasi C., Lind SE., Pekkarinen NM., Huttunen JT., Shurpali NJ., 
Hyvönen NP., Repo ME and Martikainen PJ. 2008. Direct 
experimental evidence for the contribution of lime to CO2 
release from managed peat soil. Soil Biology and Biochemistry 
40: 2660-2669. 
Biasi C., Tavi NM., Jokinen S., Shurpali N., Hämäläinen K., 
Jungner H., Oinonen M and Martikainen PJ. 2011. 
Differentiating sources of CO2 from organic soil under 
bioenergy crop cultivation: A field-based approach using 14C. 
Soil Biology and Biochemistry 43: 2406-2409.  
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
114 
 
Biasi C., Pitkämäki AS., Tavi NM., Koponen HT and 
Martikainen PJ. 2012. An isotope approach based on 13C 
pulse-chase labelling vs. the root trenching method to 
separate heterotrophic and autotrophic respiration in 
cultivated peatlands. Boreal Environment Research 17: 184-192. 
Buragienė S., Šarauskis E., Romaneckas K., Sasnauskienė J., 
Masilionytė L. and Zita Kriaučiūnienė Z. 2015. Experimental 
analysis of CO2 emissions from agricultural soils subjected to 
five different tillage systems in Lithuania. Science of the Total 
Environment 514: 1–9. 
Crutzen P.J., Mosier A.R., Smith K.A. and Winiwarter W. 2008. 
N2O release from agrobiofuel production negates global 
warming reduction by replacing fossil fuels. Atmospheric 
Chemistry and Physics 8: 389–395. 
Flyktman M. and Salo R. 2000. Mixed burning of reed canary 
grass. In: Final Report of Research, Part II. Publication of 
Agrifood Research Finland, series A85. pp. 140–169 (in Finnish). 
Fraser L., Carty S.M. and Steer D. 2004. A test of four plant 
species to reduce total nitrogen and total phosphorus from 
soil leachate in subsurface wetland microcosm. Bioresource 
Technology 94: 185-192. 
Freeman C., Lock M.A. and Reynolds B. 1993. Fluxes of CO2, 
CH4 and N2O from Welsh peatland following simulation of 
water table draw-drown: Potential feedback to climatic 
change. Biogeochemistry 16: 51-60. 
Freney J.R. 1997. Emission of nitrous oxide from soils used for 
agriculture. Nutrient Cycling in Agroecosystems 49: 1–6. 
Ghica A., Dragomir C., Samfima I. 2012. Phalaris Arundinacea a 
further energetic species. Research Journal of Agricultural 
Science 44: 4.  
Gong J, Shurpali NJ, Kellomäki S, Wang K, Zhang C, Salam 
MMA, Martikainen PJ. 2013. High sensitivity of peat 
moisture content to seasonal climate in a cutaway peatland 
cultivated with a perennial crop (Phalaris arundinaceae, L.): A 
modeling study. Agricultural and Forest Meteorology 180: 
225-235. 
References 
 
Dissertations in Forestry and Natural Sciences No 196 
115 
 
Granlund K., Rankinen K. & Lepistö A. 2004. Testing the INCA 
model in a small agricultural catchment in southern Finland. 
Hydrology and Earth System Sciences 8: 717-728. 
IPCC 2006. IPCC guidelines for National Greenhouse Gas 
Inventories. Agriculture, forestry and other land use. In: 
Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K. 
(Eds.), Prepared by the National Greenhouse Gas Inventories 
Programme. IGES, Japan. 
IPCC 2007. Climate change 2007: synthesis report. Contribution 
of working groups I, II and III to the fourth assessment. In: 
Core Writing Team, Pachauri, R.K., Reisinger, A. (Eds.), 
Report of the Intergovernmental Panel on Climate Change. IPCC, 
Geneva, Switzerland. p. 104.  
IPCC 2014. 2013 Supplement to the 2006 IPCC Guidelines for 
National Greenhouse Gas Inventories: Wetlands, Hiraishi, T., 
Krug, T., Tanabe, K., Srivastava, N., Baasansuren, J., Fukuda, 
M. and Troxler, T.G. (Eds). Published: IPCC, Switzerland 
Järveoja J., Laht J., Maddison M., Soosar K., Ostonen I and 
Mander Ü. 2013. Mitigation of greenhouse gas emissions 
from an abandoned Baltic peat extraction area by growing 
reed canary grass: life-cycle assessment. Reg Environ Change 
13:781–795. 
Kandel TP., Gislum R., Jørgensen U. and Lærke PE. 2013. 
Prediction of biogas yield and its kinetics in reed canary grass 
using near infrared reflectance spectroscopy and 
chemometrics. Bioresource Technology 146: 282–287. 
Karki S., Elsgaard L., Kandel T.P., Lærke P.E. 2015a. Full GHG 
balance of a drained fen peatland cropped to spring barley 
and reed canary grass using comparative assessment of CO2 
fluxes. Environ Monit Assess 187: 62. 
Karki S., Elsgaard L and Lærke P.E. 2015b. Effect of reed canary 
grass cultivation on greenhouse gas emission from peat soil 
at controlled rewetting. Biogeosciences 12: 595-606. 
Kasimir-Klemedtsson Å., Klemedtsson L., Berglund K., 
Martikainen P.J., Silvola J. and Oenem O. 1997. Greenhouse 
gas emissions from farmed organic soils: a review. Soil Use 
and Management 13: 245–250. 
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
116 
 
Klemedtsson L., von Arnold K., Weslien P. and Gundersen P. 
2005. Soil CN ratio as a scalar parameter to predict nitrous 
oxide emissions. Global Change Biology 11: 1142–1147. 
Kløve B. 2001. Characteristics of nitrogen and phosphorus loads 
in peat mining wastewater. Water Res. 35: 2353-2362. 
Kortelainen P., Mattsson T., Finér L., Ahtiainen M., Saukkonen 
S. & Sallantaus T. 2006. Controls on the export of C, N, P and 
Fe from undisturbed boreal catchments, Finland. Aquat. Sci. 
68: 453-468. 
Kortelainen M., Jokiniemi J., Nuutinen I., Torvela T., Lamberg 
H., Karhunen T., Tissari J. and Sippula O. 2015.  Ash 
behaviour and emission formation in a small-scale 
reciprocatinggrate combustion reactor operated with wood 
chips, reed canary grass and barley straw. Fuel 143: 80–88. 
Kuzyakov Y., Friedel J.K. and Stahr K. 2000. Review of 
mechanisms and quantification of priming effects. Soil Biology 
and Biochemistry 32: 1495-1498. 
Laine, J., 1983. Peatlands and Their Utilization in Finland. 
Finnish Peatland Society and the Finnish National Committee 
of the IPS, Helsinki. p. 139. 
Laine J., Silvola J. and Tolonen K. 1996. Effect of water level 
drawdown in northern peatlands on the global climatic 
warming. Ambio 25: 179-184.  
Lakaniemi A-M., Nevatalo L.M., Kaksonen A.H. and Puhakka 
J.A. 2010. Mine wastewater treatment using Phalaris 
arundinacea plant material hydrolyzate as substrate for 
sulfate-reducing bioreactor. Bioresource Technology 101: 3931–
3939. 
Lankoski J. and Ollikainen M. 2011. Biofuel policies and the 
environment: Do climate benefits warrant increased 
production from biofuel feedstocks? Ecological Economics 70: 
676–687. 
Le Mer J. and Roger P. 2001. Production, oxidation, emission 
and consumption of methane by soils: a review. European 
Journal of Soil Biology 37: 25–50. 
Leppelt T., Dechow R., Gebbert S., Freibauer A., Lohila A., 
Augustin J., Drösler M., Fiedler S., Glatzel S., Höper H., 
References 
 
Dissertations in Forestry and Natural Sciences No 196 
117 
 
Järveoja J., Lærke P.E., Maljanen M., Mander Ü., Mäkiranta 
P., Minkkinen K., Ojanen P., Regina K. and Strömgren M. 
2014. Nitrous oxide emission budgets and land-use-driven 
hotspots for organic soils in Europe. Biogeosciences 11, 6595–
6612. 
Lewandowski I., Scurlock J.M.O., Lindvall E., Christou M. 2003. 
The development and current status of perennial 
rhizomatous grasses as energy crops in the US and Europe. 
Biomass Bioenergy 25: 335–361. 
Lewandowski I. and Schmidt U. 2006. Nitrogen, energy and 
land use efficiencies of miscanthus, reed canary grass and 
triticale as determined by the boundary line approach. 
Agriculture, Ecosystems and Environment 112: 335–346. 
Lind SE., Shurpali NJ., Peltola O., Mammarella I, Hyvönen N., 
Maljanen M., Räty M., Virkajärvi P. and Martikainen PJ. 2015. 
Carbon dioxide exchange of perennial bioenergy crop 
cultivation on mineral soil. Biogeoscience Discussion x: x-x. 
Lohila A., Aurela M., Tuovinen J.-P. and Laurila T. 2004. Annual 
CO2 exchange of a peat field growing spring barley or 
perennial forage grass. Journal of Geophysical Research 109: 
D18116.  
Maljanen M., Liikanen A., Silvola J. and Martikainen P.J. 2003. 
Measuring N2O emissions from organic soils by closed 
chamber or soil/snow N2O gradient methods. European 
Journal of Soil Science 54: 625–631. 
Maljanen M., Komulainen V.-M., Hytönen J., Martikainen P.J. 
and Laine J. 2004. Carbon dioxide, nitrous oxide and methane 
dynamics in boreal organic agricultural soils with different 
soil characteristics. Soil Biology & Biochemistry 36: 1801–1808. 
Maljanen M., Hytönen J., Mäkiranta P., Alm J., Minkkinen K., 
Laine J. and Martikainen P. 2007. Greenhouse gas emissions 
from cultivated and abandoned organic croplands in Finland. 
Boreal Environment Research 12: 133–140. 
Maljanen M., Sigurdsson B.D., Guðmundsson J., Óskarsson H., 
Huttunen J.T. and Martikainen P.J. 2010. Greenhouse gas 
balances of managed peatlands in the Nordic countries – 
present knowledge and gaps. Biogeosciences 7: 2711-2738. 
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
118 
 
Maljanen M., Shurpali N., Hytönen J., Mäkiranta P., Aro L., 
Potila H., Laine J., Li C. and Martikainen P.J. 2012. 
Afforestation does not necessarily reduce nitrous oxide 
emissions from managed boreal peat soils. Biogeochemitry 108: 
199-218. 
Maljanen M., Hytönen J., Mäkiranta P., Laine J., Minkkinen K. 
and Martikainen P.J. 2013. Atmospheric impact of abandoned 
boreal organic agricultural soils depends on hydrological 
conditions. Boreal Environment Research 18: 250-268. 
Mander Ű., Jarveoja J., Maddison M., Soosaar K., Aavola R., 
Ostonen I and Salm J. 2012.  Reed canary grass cultivation 
mitigates greenhouse gas emissions from abandoned peat 
extraction areas. GCB Bioenergy 4: 462–474. 
Martikainen P.J., Nykänen H., Crill P. and Silvola J. 1993. Effect 
of water table lowering on nitrous oxide fluxes from northern 
peatland. Nature 366: 51-53. 
Mattson T., Finer L., Kortelainen P. & Sallantaus T. 2003. 
Brookwater quality and background leaching from 
unmanaged forested catchments in Finland. Water, Air, and 
Soil Pollution 147: 275–297. 
Mauder M, Foken T, Bernhofer C et al. 2008. Quality control of 
CarboEurope-IP flux data. Part II: intercomparison of 
eddycovariance software. Biogeoscience 5: 451–462. 
Minkkinen K., Laine J., Nykänen H. and Martikainen P.J. 1997. 
Importance of drainage ditches in emissions of methane from 
mires drained for forestry. Canadian Journal of Forest Research 
27: 949—952. 
Minkkinen K, Korhonen R, Savolainen T and Laine J. 2002. 
Carbon balance and radiative forcing of Finnish peatlands 
1900–2100 – the impact of forestry drainage. Global Change 
Biology 8: 785–799.  
Minkkinen K. and Laine J. 2006. Vegetation heterogeneity and 
ditches create spatial variability in methane fluxes from 
peatlands drained for forestry. Plant and Soil 285: 289-304. 
Mosier A.R. 1994. Nitrous oxide emissions from agricultural 
soils. Fertilizer Research 37: 191–200. 
References 
 
Dissertations in Forestry and Natural Sciences No 196 
119 
 
Mosier A.R., Duxbury J.M., Freney J.R., Heinemeyer O. and 
Minami K. 1996. Nitrous oxide emissions from agricultural 
fields: assessment, measurement and mitigation. Plant and 
Soil 181: 95–108. 
Mäkiranta P, Hytönen J, Aro L., Maljanen M., Pihlatie M., Potila 
H., Shurpali NJ., Laine J., Lohila A., Martikainen PJ and 
Minkkinen K. 2007. Soil greenhouse gas emissions from 
afforested organic soil croplands and cutaway peatlands. 
Boreal Environmental Research 12: 159–175. 
Nykänen H., Alm J., Lång K., Silvola J. and Martikainen P.J. 
1995. Emissions of CH4, CO2 and N2O from a virgin fen and a 
fen drained for grassland in Finland. Journal of Biogeography 
22: 351–357. 
Nykänen H., Silvola J., Alm J. and Martikainen P.J. 1996. Fluxes 
of greenhouse gases CH4, CO2 and N2O on some peat mining 
areas in Finland. In: Laiho R., Laine J. & Vasander H. (eds.) 
Northern Peatlands in Global Climatic Change, Proceedings of the 
International Workshop Held in Hyytiälä, Finland, 8–12 October 
1995. The Academy of Finland, Helsinki, pp. 141—147 
Nykänen H., Alm J., Silvola J., Tolonen K. and Martikainen P.J. 
1998. Methane fluxes on boreal peatlands of different fertility 
and the effect of long-term experimental lowering of the 
water table on flux rates. Global Biogeochemical Cycles 12: 53-
69. 
OECD 2007. Biofuels: is the cure worse than the disease? OECD 
Sustainable Development Studies. OECD Publications, Paris. 
Oleszek M., Krol A., Tys J., Matyka M. and Kulik M. 2014. 
Comparison of biogas production from wild and cultivated 
varieties of reed canary grass. Bioresource Technology 156: 303–
306. 
Papale D., Reichstein. M., Aubinet M., Canfora E., Bernhofer C., 
Kutsch W., Longdoz B, Rambal S., Valentini R., Vesala T. and 
Yakir D. 2006. Towards a standardized processing of Net 
Ecosystem Exchange measured with eddy covariance 
technique: algorithms and uncertainty estimation. 
Biogeosciences 3: 571–583. 
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
120 
 
Pahkala, K., Isolahti, M., Partala, A., Suokannas, A., Kirkkari, A-
M., Peltonen, M., Sahramaa, M., Lindh, T., Paappanen, T., 
Kallio, E., Flyktman, M. 2005. Ruokohelven viljely ja korjuu 
energian tuotantoa varten. 2. korjattu painos. Publications of 
Agricultural Research Centre of Finland. [In Finnish]  
Partala A. and Mela T. 2000. Research on nutrient balance of 
reed canary grass. In: Salo R. (ed.) Production of biomass as 
raw material for fibre and energy. Final report, part 1. 
Breeding and cultivation of reed canary grass. Publications of 
Agricultural Research Centre of Finland. Serie A 84: 50-65. [In 
Finnish with English summary].  
Pasila A. and Kymäläinen H-R. 2000. Frost Processed Reed 
Canary Grass In Oil Spill Absorption. Molecular Crystals and 
Liquid Crystals Science and Technology. Section A. Molecular 
Crystals and Liquid Crystals, 353:1, 1-10, 
Puustinen M., Koskiaho J. and Peltonen K. 2005. Influence of 
cultivation methods on suspended solids and phosphorus 
concentrations in surface runoff on clayey sloped field in 
boreal climate. Agriculture, Ecosystems and Environment 105: 
565-579. 
Puustinen M., Tattari S., Koskiaho J. and Linjama J. 2007. 
Influence of seasonal and annual hydrological variations on 
erosion and phosphorus transport from arable areas in 
Finland. Soil and Tillage Research 93: 44-55. 
Powlson D.S., Riche A.B. and Shield I. 2005. Biofuels and other 
approaches for decreasing fossil fuel emissions from 
agriculture. Annals of Applied Biology 146:193–201. 
Ragauskas AJ, Williams CK, Davison BH et al. 2006. The Path 
Forward for Biofuels and Biomaterials. Science 311: 484–489. 
Rantakari M., Mattsson T., Kortelainen P., Piirainen S., Finér L., 
Ahtiainen M. 2010. Organic and inorganic carbon 
concentrations and fluxes from managed and unmanaged 
boreal first-order catchments. Science of the Total Environment 
408: 1649-1658. 
Regina K., Nykänen H., Silvola J. and Martikainen P.J. 1996. 
Fluxes of nitrous oxide from boreal peatlands as affected by 
References 
 
Dissertations in Forestry and Natural Sciences No 196 
121 
 
peatland type, water table level and nitrification capacity. 
Biogeochemistry 35: 401-418. 
Regina K., Nykänen H., Maljanen M., Silvola J. and Martikainen 
P.J. 1998. Emissions of N2O and NO and net nitrogen 
mineralization in a boreal forested peatland treated with 
different nitrogen compounds. Canadian Journal of Forest 
Research 28: 132-140. 
Regina K., Pihlatie, M., Esala, M., Alakukku, L., 2007. Methane 
fluxes on boreal arable soils. Agriculture, Ecosystems and 
Environment 119, 346–352. 
Regina K., Sheehy J. and Myllys M. 2014. Mitigating greenhouse 
gas fluxes from cultivated organic soils with raised water 
table. Mitig Adapt Strateg Glob Change. Doi 10.1007/s11027-
014-9559-2. 
Reichstein M, Falge E, Baldocchi D et al. 2005. On the separation 
of net ecosystem exchange into assimilation and ecosystem 
respiration: review and improved algorithm. Global Change 
Biology 11: 1–16. 
Roulet N.T. and Moore T.R. 1995. The effect of forestry drainage 
practices on the emission of methane from northern 
peatlands. Canadian Journal of Forest Research 25: 491-499.  
Saarnio S., Alm J., Silvola J., Lohila A.-L., Nykänen H. and 
Martikainen P.J., 1997. Seasonal variation in CH4 emission, 
production and oxidation potentials in microsites of an 
oligotrophic pine fen. Oecologia 110: 414–422. 
Saarnio S., Morero M., Shurpali NJ., Tuittila E-S., Mäkilä M., and 
Alm J., 2007. Annual CO2 and CH4 fluxes of pristine boreal 
mires as a background for the lifecycle analyses of peat 
energy. Boreal Environment Research 12: 101-113. 
Sallantaus T. 1986. Soiden metsä ja turvetalouden 
vesistövaikutukset – kirjallisuuskatsaus [Impacts of peatland 
forestry and peat mining on watercources - A review]. 
Luonnonvarajulkaisuja. Ministry of agriculture and forestry, 
Helsinki. [In Finnish with English summary]  
Sallantaus T. 1992. Leaching in the material balance of peatlands 
- preliminary results. Suo. 43: 253-258. 
Niina Hyvönen: Atmospheric impact of reed canary grass cultivation 
Dissertations in Forestry and Natural Sciences No 196 
122 
 
Sanderson MA. and Adler PR. 2008. Review: Perennial Forages 
as Second Generation Bioenergy Crops. Int. J. Mol. Sci. 9(5): 
768-788. 
Šarauskis E., Buragienė S., Masilionytė L., Romaneckas K., 
Avižienytė D. and Sakalauskas A.2014. Energy balance, costs 
and CO2 analysis of tillage technologies in maize cultivation. 
Energy 69: 227-235. 
Sarkkola S., Koivusalo H., Laurén A., Kortelainen P., Mattsson 
T., Palviainen M., Piirainen S., Starr M. & Finér L. 2009. 
Trends in hydrometeorological conditions and stream water 
organic carbon in boreal forested catchments. Science of the 
Total Environment 408: 92-101. 
Schlamadinger B., Appas M., Bohlin F., Gustavsson L., 
Jungmeier G., Marland G., Pingoud K. and Savolainen I. 
1997. Towards a standard methodology for greenhouse gas 
balances of bioenergy systems in comparison with fossil 
energy systems. Biomass and Bioenergy 13: 359–375. 
Schrier-Uijl A.P, Kroon P.S, Leffelaar P.A, van Huissteden J.C, 
Berendse F. and Veenendaal E.M. 2010. Methane emissions in 
two drained peat agro-ecosystems with high and low 
agricultural intensity. Plant and Soil 329: 509-520. 
Shurpali NJ., Hyvönen NP., Huttunen JT. Biasi C., Nykänen H., 
Pekkarinen N. and Martikainen PJ. 2008. Bare soil and reed 
canary grass ecosystem respiration in peat extraction sites in 
Eastern Finland. Tellus 60B, 200–209. 
Shurpali NJ., Biasi C., Jokinen S., Hyvönen N., Martikainen PJ. 
2013. Linking water vapor and CO2 exchange from a 
perennial bioenergy crop on a drained organic soil in eastern 
Finland. Agricultural and Forest Meteorology 168: 47-58. 
Smith P., Goulding K.W., Smith K.A., Powlson D.S., Smith J.O., 
Falloon P. and Coleman K. 2001. Enhancing the carbon sink 
in European agricultural soils: including trace gas fluxes in 
estimates of carbon mitigation potential. Nutrient Cycling in 
Agroecosystems 60: 237–252. 
Sommerfeld R.A., Mosier A.R. and Musselman R.C. 1993. CO2, 
CH4 and N2O fluxes through a Wyoming snowpack and 
implications for global budgets. Nature 361: 140–142. 
References 
 
Dissertations in Forestry and Natural Sciences No 196 
123 
 
Sundh I., Nilsson M., Mikkelä C., Granberg G. and Svensson 
B.H. 2000. Fluxes of methane and carbon dioxide on peat-
mining areas in Sweden. Ambio 29: 499-503. 
Turunen J. 2008. Development of Finnish peatland area and 
carbon storage 1950–2000. Boreal Environment Research 13: 
319–334. 
Turveinfo. http://www.turveinfo.fi/turvetuotantoalueiden-
jalkikayttoon-monta-mahdollisuutta (16.9.2015) 
Van den Pol-van Dasselaar A., van Beusichem M.L. and 
Oenema O. 1999. Methane emissions from wet grasslands on 
peat soil in a nature preserve. Biogeochemistry 44: 205-220. 
Vapo Ltd. Energy. 2003. Monitoring programme for the use, 
treatment and leaching of elements from peat extraction areas 
of the North Karelian Regional Environment Centre, Vapo 
Ltd. Energy, Eastern Finland, 19 pp. (in Finnish). 
Velthof G.L., Brader A.B. and Oenema O. 1996. Seasonal 
variations in nitrous oxide losses from managed grasslands 
in The Netherlands. Plant and Soil 181: 263-274. 
Venendaal R, Jørgensen U, Foster CA. 1997. European energy 
crops: a synthesis. Biomass and Bioenergy 13: 147–185. 
Von Arnold K., Weslien P., Nilsson M., Svensson B.H. and 
Klemedtsson L. 2005. Fluxes of CO2, CH4 and N2O from 
drained coniferous forests on organic soils. Forest Ecology and 
Management 210: 239-254. 
Vuorenmaa J., Rekolainen S., Lepistö A., Kenttämies K and 
Kauppila P. 2002. Losses of nitrogen and phosphorus from 
agricultural and forest areas in Finland during the 1980s and 
1990s. Environmental Monitoring and Assessment 76: 213-248. 
Werther J., Saenger M., Hartg E-U, Ogada T. and Z. Siagi Z. 
2001. Combustion of agricultural residues. Progress in Energy 
and Combustion Science 26: 1–27. 
Whalen S.C. 2005. Biogeochemistry of methane exchange 
between natural wetlands and the atmosphere. Environmental 
Engineering 22: 73–94. 
Publications of the University of Eastern Finland
Dissertations in Forestry and Natural Sciences No 196
Publications of the University of Eastern Finland
Dissertations in Forestry and Natural Sciences
isbn: 978-952-61-1957-1
isbn: 978-952-61-1958-8 (pdf)
issn: 1798-5668
issn: 1798-5676 (pdf)
Niina P. Hyvönen
Atmospheric impact of 
bioenergy based on reed 
canary grass cultivation 
on organic soil
Drained peatlands are problematic 
because of their high greenhouse gas 
emissions and it is questionable if 
bioenergy produced on organic soils 
is sustainable. This multi-year study 
addresses the atmospheric impact of 
perennial bioenergy crop (reed canary 
grass, RCG) cultivation on a cut-away 
peatland. The RCG site was a strong 
sink for atmospheric CO2 with minor 
N2O and CH4 fluxes. In addition, 
leaching of carbon and nutrients was 
low. Long-term field experiments in 
this study show that, environmentally 
sound bioenergy production is 
possible on organic soil. 
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